Background-The in vivo regeneration capacity of decellularized heart valve grafts is still controversial. The aim of this study was to evaluate function, morphological changes, and cellular composition of decellularized versus re-endothelialized ovine pulmonary valves (PV) after implantation into lambs for 1 or 3 months. Methods and Results-PV (nϭ21) were decellularized using detergents. Twelve PV were repopulated with autologous jugular veins endothelial cells (ECs) in a dynamic pulsatile bioreactor under simulated physiological conditions. Morphological evaluation before implantation included histological stainings (H&E, Movat-pentachrome, von-Kossa, DAPI), immunostainings (anti-perlecan, anti-eNOS, anti-procollagen-I, anti-SM-␣-actin), electron microscopy (EM), and DNA extraction. Decellularization led to cell-free scaffolds with preserved extracellular matrix (ECM) including basement membrane. Reseeded PV (nϭ5) were completely covered with ECs expressing endothelial nitric oxide synthase (eNOS) and von Willebrand factor (vWF). The function of orthotopically implanted decellularized and re-endothelialized PV (nϭ7, each) was analyzed after 1 and 3 months by echocardiography and revealed no differences in competence between both groups. A confluent EC monolayer expressing eNOS/vWF was only found in re-endothelialized PV but not in decellularized PV, whereas the valve matrices were comparable repopulated with interstitial cells expressing SM-␣-actin and procollagen-I. More thrombotic and neointima formations were observed in decellularized PV. No signs of calcification were detected in both PV types.
S ince the first successful prosthetic treatment of heart valve disease in the early 1960s, scientists and surgeons have sought for the ideal prosthesis for valve replacement. 1, 2 Tissue engineering (TE) may help to construct viable valve substitutes that feature lifetime durability and growth potential. 3 Various concepts using polymer biodegradable or biological allogeneic and xenogeneic decellularized scaffold were already developed. 4 -8 Detergent decellularization of allogeneic biological valve tissue provides a promising approach for the valve scaffold production. 4 Because of higher immune histocompatibility, comparable anatomic geometry, and structure, allogeneic scaffolds might be used successfully for TE despite the limited availability of human material. 5, 9 The need for repopulation of valve scaffolds either in vitro or in vivo and the choice of cells is, however, still controversially discussed. 3-5,8 -11 Efficient tissue regeneration has been obtained by repopulation of biological decellularized scaffolds with interstitial cells in vivo. 8, 10 Interestingly, an extensive re-endothelialization of such valves after implantation in animals was apparently absent. 10 The importance of endothelium for antithrombogenic response and modulation of underlying interstitial cells are well-known 3, 5, 12, 13 and might be a significant factors for the long-term function of TE constructs.
Hemodynamic forces act on the endothelium by shearstress that can modulate endothelial cell (EC) structure and function. 4, [13] [14] [15] [16] In vitro adaptation of re-seeded ECs on shear-stress forces could improve its structure and function. 4 Here, we present preclinical in vivo testing of detergent decellularized allogeneic pulmonary valve conduits (PV) re-endothelialized under simulated physiological conditions in a valve bioreactor system in comparison with only decellularized non-reseeded PV.
Materials and Methods
All animal experiments and surgical procedures were performed in compliance with the Guide for the Care and Use of Laboratory Animals as published by the US National Institutes of Health (NIH Publication 85-23, revised 1996) and were approved by the local animal care committees. The authors had full access to the data and take full responsibility for their integrity. All authors have read and agree to the manuscript as written.
Decellularization
Decellularization and re-endothelialization of PV were performed as described (see online supplement). 4
Cell Source and Culture
Isolation and cultivation of ECs from juvenile ovine jugular veins were described (see online supplement). 4
Re-Endothelialization Under Simulated Physiological Conditions
Cell reseeding was performed in a dynamic bioreactor system with pulsatile circulation described previously (see online Figure I ). 4
Implantation of PV Conduits
Re-endothelialized PV (EPV) and decellularized PV (DPV) (nϭ7 each) were implanted into merino lambs (age 10 to 12 weeks, 20 to 25 kg, obtained from the local breeder [Lower Saxony]) in orthotopic position as described (see online supplement). 7, 17 Donor of ECs and recipients of EPV were identical (autologous conditions).
Echocardiography
Echocardiography was performed immediately after surgical implantation and subsequently at 4 and 12 weeks postoperatively using a Sonos 2500 (Philips) as previously described. 7
Explantation of Pulmonary Valve Conduits
Animals were heparinized, then euthanized (1 mL/kg body weight pentobarbital intravenous; Provet). The PV were excised under aseptic conditions, macroscopically examined, and photographically documented. Specimens of valvular leaflets, pulmonary artery wall, and anastomotic suture rings were formalin fixed and paraffinembedded, or embedded in freezing medium (Jung) and stored at Ϫ80°C. For scanning electron microscopy (SEM), samples of PV were fixed in 2.5% glutaraldehyde (Polyscience) in 0.1 mol/L sodium cacodylate buffer (Merck) as described. 4 Additionally, both lungs were investigated macroscopically for signs of pulmonary embolism.
Histology and Immunohistochemistry
For histological analysis formalin-fixed tissues were stained with hematoxylin-eosin (H&E), Movat-pentachrome, or von Kossa.
Immunohistochemistry were essentially performed as described (online supplement). 4, 7, 18, 19 SEM SEM was performed as described (see online supplement). 4
Statistics
All data are reported as meanϮSD. The unpaired Student t test was used for analyses. Statistical significance was defined as PϽ0.05. The SPSS statistical software package 11.0 for Windows (SPSS) was used for statistical analysis.
Results

Morphology of Decellularized and Re-Endothelialized Pulmonary Valve Conduits
After detergent treatment of PV followed by DNase I digestion, DPV samples showed Ͻ5% of residual DNA compared with native tissue samples. 4 Histology, immunohistochemistry and SEM revealed an efficiently preserved 3-dimensional network of the scaffold including collagens, elastic fibers, and glycosaminoglycans with complete maintenance of the basement membrane (BM) all along of the inner surface of the pulmonary wall and on both sides of the leaflet ( Figure  1A , 1C, 1E, 1F, 1G).
After re-endothelialization the luminal surface of PV was covered with a confluent cell layer (Figure 2A , 2B). Reseeded cells expressed von Willebrand factor (vWF) and endothelial nitric oxide synthase (eNOS) ( Figure 2C , 2D), demonstrating an endothelial origin. No interstitial cells were detected on the conduit surface or inside the scaffold (data not shown).
Postoperative Period
All animals survived the operative procedure. As a result of valve endocarditis, the loss of a DPV and an EPV animal occurred after 25 and 39 days, respectively ( Figure 3A) . These animals were excluded from further analysis. DPV and 
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EPV were electively explanted 1 (nϭ3 each) or 3 months after operative procedure (nϭ3 each).
Echocardiography and Transvalvular Pressure Gradient
Echocardiographic parameters of all studied PV were similar (Table 1 ). In situ, all implanted valves (DPV and EPV) showed no significant insufficiency or stenosis and no gross morphological changes. The effective orifice valve area increased slightly in both groups after 3 months; however, these differences failed to reach statistical significance (Table 1 ). In all animals no significant increase of transvalvular pressure gradient (TPG) was observed as compared with measurements immediately after implantation.
Macroscopic Evaluation
No signs of augmented inflammation or adhesions were found in animals in the area around the conduits 1 or 3 months after implantation (EPV, Figure 3B ; DPV data not shown). Three months after implantation, all DPV showed moderate thrombotic structures on the leaflets and in the valve sinus ( Figure 3C ). In one DPV explanted after 3 months, moderate leaflet thickening and sclerosis were observed ( Figure 3D) .
In contrast, all EPV showed a smooth surface of the excellent maintained conduit wall and fine and translucent leaflets without vegetations, fenestrations, calcification, swelling, or thrombi after 1 ( Figure 3E ) and 3 months ( Figure  3F ) and were comparable with native tissue (data not shown). The subvalvular area appeared normal and was free of macroscopic calcification ( Figure 3E, 3F ).
Histological, Immunohistochemical, and SEM Analysis of Explanted EPV and DPV
EPV explanted after 1 or 3 months showed a homogeneous confluent cell monolayer with typical cobblestone-like EC morphology overlying the BM of both leaflet sides and the pulmonary wall ( Figure 4A , 4B). These cells expressed eNOS and vWF ( Figure 4C , 4D), indicating an endothelial character.
In contrast, 1 month after implantation no ECs were detected on the surface of DPV (online Figure IIb) , and 3 months after implantation, inhomogeneous clusters of cells with EC morphology partially covered the BM of the DPV. In addition, a fibrin net and conglomerates of thrombocytes were observed on DPV ( Figure 4E, 4F) .
Interstitial cells were found in the wall of both DPV and EPV 1 month after implantation, whereas the leaflets were mostly free of interstitial cells (EPV, Figure 5A , 5B; DPV, online Figure IIa, IIb). The higher density of cells in the outer regions of the wall is suggestive to an invasive migration of these cells from the out side and not from the vessel lumen ( Figure 5A ). Cells in the valve interstitium expressed SM-␣actin indicative for a myofibroblast identity (EPV, Figure 5C ; DPV, online Figure IIc) . The positive procollagen-I immunostaining suggested that newly invaded interstitial cells synthesized new matrix components (EPV, Figure 5D ; DPV, online Figure IId) . Three months after implantation, the conduit walls were repopulated with homogenously distributed interstitial cells, whereas the leaflets were repopulated only partially and predominantly in the proximal leaflet segments (EPV, Figure 5E In DPV neointima hyperplasia was significantly higher than in EPV and more distinct in the sinus area. Neointimal cells in the sinus of DPV, identified by SM-␣-actin staining as myofibroblasts ( Figure 6A ), showed a high synthesis of procollagen-I (data not shown). For comparison, in the sinus area of EPV only few neointimal cells were detected ( Figure 6B ).
Macroscopically evident moderate thrombotic formations on the luminal surface of DPV ( Figure 3C , higher magnification) are present in the valve sinus of H&E-stained sections with first signs of calcification ( Figure 7A, 7B) . No thrombotic formations ( Figure 7C , higher magnification) or calcification (data not shown) were observed in the valve sinus of EPV. No signs of calcification were found inside the valve scaffold in DPV or EPV ( Figure 7D, 7E ).
Lung Examination
Lung arteries in all elective sacrificed animals were free of embolisms (data not shown).
Discussion
This study demonstrates for the first time to our knowledge that in vitro re-endothelialization of detergent-decellularized valves with autologous ECs under simulated physiological conditions significantly improved the EC coverage of the matrix and avoided thrombotic formations and neointimal hyperplasia within 3 months after implantation in a large animal model.
The maintenance of ECM components directly involved in cell-matrix interaction is a crucial aspect for effective re-endothelialization after decellularization of PV. It has been shown that the BM serves as an adhesion platform for EC through endothelial adhesion ligands such as collagen IV, laminin, and perlecan, which is prerequisite for stable ECmatrix connections. 20 We have shown that decellularization of PV with detergents allowed an adequate preservation of main ECM structures including collagens, elastins, and glycosaminoglycans. 4 Moreover, this method proved to be highly efficient for removal of native cells, the main source of immunogenicity. Future investigations should determine the clinical relevance of potential retained antigens and possible immunogenic response induced by the decellularized construct.
It seems that the absence of an endothelium on decellularized matrices may predispose the unprotected matrix surface to thrombosis and intimal hyperplasia with subsequent graft failure. 5, 21 These negative effects might depend on the methods of decellularization and may affect the quality of the retention of the BM. We demonstrate that detergent DPV with preserved BM show re-endothelialization in a sheep model with moderate thrombotic formations and neointimal hyperplasia. The origin of EC on the re-endothelialized DPV is not clear but we suspect the involvement of circulating EC and/or endothelial progenitor cells. TPG indicates transvalvular systolic pressure gradient. PV insufficiency: absentϭ0, trivialϭ1, moderateϭ2, and severeϭ3. PV morphology: normalϭ0, mild thickening without structural abnormalitiesϭ1, mild structural abnormality without functional lossϭ2, structural deformation with functional lossϭ3, and severe valve deformation with complete loss of functionϭ4. Continuity equation method was used for calculation of the valve effective orifice area. No statistical significant differences were found between DPV and the EPV. In contrast to explanted DPV, explanted EPV were devoid of thrombotic formations and neointimal hyperplasia and were covered with an endothelial monolayer expressing eNOS and vWF, suggestive for functional endothelium. This finding suggests that the in vitro generated EC monolayer may stay intact on implantation and seems to be superior to DPV. In this regard, shear-stress application in vitro is needed for maintenance of EC activity especially for cell adhesion. 14, 16, 22, 23 Our previous in vitro analysis showed that EC maintained under static conditions are washed off when high flows were applied. 4 In the present study, we therefore used valves accustomed to physiological flow conditions in vitro, 4 and show that these valves have excellent functionality in vivo. However, we have not compared EPV with other methods of introducing EC on valve conduits in our in vivo model. In addition, we were not able to define the origin of EC on EPV after explantation and therefore it might also be possible that the in vitro re-endothelialization has modified the decellularized matrix in such a way that an in vivo repopulation with EC occurred more efficiently then in DPV. The precise mechanism(s) of in vivo re-endothelialization in DPV and EPV will be addressed in future experiments.
Echocardiographic and Hemodynamic Evaluation
Despite the higher incidence of thrombotic formation and neointima formation in DPV 3 months after implantation, both study groups (EPV and DPV) revealed excellent valve function with a low transvalvular gradient and only a slight increase of the effective orifice area, with no signs of significant valve regurgitation or stenosis. Certainly, only long-term experiments in animals and subsequent clinical evaluation will uncover a potential superiority in respect to function of EPV compared with DPV.
The biological base for growth is the interstitial repopulation of decellularized matrices with cells. Current investigations showed that on implantation of acellular valve tissue almost complete repopulation with myofibroblasts and fibroblasts occurred within 1 year. 10, 24 This process is reported to be likely cell migration-related inside the matrix. 8, 10 Three months after implantation interstitial cells were homogenously distributed in all areas of the DPV and EPV wall and the valve sinus tissue with a distinct increase of cell numbers compared with grafts 1 month after implantation, supporting the notion that the migration process proceeded continuously and occurs apparently from outside by beginning in the adventitia toward the luminal surface. These observations suggest that our decellularization method allowed efficient interstitial cell repopulation and reseeding had no influence on interstitial cell repopulation of valves. The leaflets as a result of anatomically greater distance from the external valve layers were repopulated predominantly in the proximal segment and therefore after three months still not complete. Conforming to the long-term observations of other groups, we believe that decellularized valve leaflets may be evenly repopulated after a longer period time. 8, 10 Re-endothelialization and interstitial invasion may depend on the regeneration capacity of the individual recipient, and therefore dependent on age and health status. Regenerative abilities of elderly animals seem to be lower than of juvenile sheep. This could influence the migrative and proliferative function of cells and their capacity for matrix repopulation. In this respect, the use of lambs represents a study limitation. In future studies we will therefore perform similar experiments in elderly, fully grown sheep. Moreover, long-term studies are required to validate the benefits of the presented decellularization method as compared with other alternative approaches.
In conclusion, here we present a protocol for the tissue engineering of endothelialized heart valve prostheses that show excellent valve function in vivo with a low transvalvular gradient, only a slight increase of the effective orifice area, no signs of significant valve regurgitation or stenosis, and no thrombotic structures or hyperplasia. 
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